Although the sulfonamide drugs are ubiquitously distributed throughout the entire body water, a property important for their wide chemotherapeutic value, quantitative differences do exist with regard to the concentrations attained in certain compartments of the extracellular fluid after equilibrium is established. Perhaps most striking is the failure of sulfathiazole to reach a concentration in the spinal fluid of more than one-third of that in the blood (Sadusk, Blake, and Seymour,"5 Strauss, Lowell, Taylor, and Finland,17 and others). The fact that cerebrospinal fluid may not be formed wholly by a process of diffusion presents the possibility that the concentrations of sulfonamides in secretory fluids may depend upon factors other than those operative in simple diffusion and may vary with each particular drug and with each particular secretory membrane. Some indirect evidence for this hypothesis is afforded by the fact that the epithelial cells of the renal tubules selectively reabsorb sulfonamides from the tubular urine in such a manner that the renal excretion of sulfanilamide, sulfathiazole, and sulfaguanidine is more rapid than that for sulfapyridine and sulfadiazine, and that the renal clearances of acetylated sulfonamides are uniformly higher than those for the corresponding free forms.
determined blood levels were not reported and other sulfonamide drugs were not studied. In view of the foregoing facts, it was decided to investigate the gastric secretion of sulfanilamide, sulfapyridine, sulfathiazole, sulfadiazine, and acetylsulfanilamide under conditions in which pure gastric juice, secreted in response to various stimuli, could be obtained at frequent intervals. Trained dogs with isolated gastric pouches were deemed ideal for this purpose.
Materials and methods
Four adult, female, mongrel dogs provided with large Heidenhain gastric pouches were employed. The mucosa of the pouches was derived from both the fundus and antrum of the stomach. Under maximal histamine stimulation, gastric juice was secreted at peak rates well over 100 cc. per hour, with a concentration of free HCI between 150 and 160 mEq per liter. The dogs were maintained on the regular laboratory diet. Sodium chloride was added to the drinking water in amounts sufficient to prevent chloride depletion from loss of gastric juice. A tight-fitting mushroom catheter as described by Goodman, Gilman, and Bearg8 was kept in the outlet of each pouch, preventing erosion of the abdominal wall and facilitating collection of samples. During the experiments the dogs were partially immobilized in a sling in which they could rest without lying down. The secretogogues were injected subcutaneously. Blood samples taken by jugular or saphenous venepuncture were collected simultaneously with gastric juice samples.
The drugs studied were sulfanilamide, sulfapyridine, sulfathiazole, sulfadiazine,* and acetylsulfanilamide.t They were administered orally and their concentrations in the gastric juice and blood or plasma were determined by the method of Bratton and Marshall,2 with minor modifications, an Evelyn photoelectric colorimeter being employed. Since the dog does not conjugate sulfonamides to any appreciable extent, only the free form was determined, except when acetylsulfanilamide was administered. Each gastric juice sample was also measured for its volume and for free and total acid values; in a number of experiments total and neutral chlorides were also determined.
Secretogogues employed were food (meat meal), histamine acid phosphate (0.05 mgm/kg to 0.1 mgm/kg), and carbaminoylcholine (doryl)1 (0.01 mgm/kg). Inasmuch as the two drugs evoke strikingly different types of gastric secretory response, it was thought important to compare the gastric juices produced with respect to their relative concentrations of sulfonamide. "Double histamine" experiments were performed according to the technic devised by Gilman and Cowgill7 in order to determine whether the higher sulfonamide concentrations found with very low initial rates of gastric secretion were significant or due merely to a mechanical "washout" artifact.
Results

Sulfanilamide.
Sulfanilamide was administered orally to three dogs in amounts varying from 0.025 gm/kg every 8 hours for 3 days to 0.2 gm/kg given as a single dose. At least three hours after the last dose of sulfanilamide, histamine was injected and samples of gastric juice were collected at 15-minute intervals. From the results of analysis of the gastric juice and simultaneous blood samples, the ratio of the concentration of the sulfonamide drug in the gastric juice to that in the blood was calculated. This ratio is here called the concentration ratio.
The most extensive data were obtained from dog No. 1. In 57 observations in the course of 18 histamine experiments on this animal, when plasma was used for analysis, the mean concentration ratio was 2.39. When whole blood was used for analysis in 21 observations in the course of 4 was observed (Table 1 ). The inverse relationship between concentration ratio and rate of gastric secretion is also indicated by the results of the "double histamine" experiments. After the second injection of histamine, the rate of secretion increased markedly and the concentration ratio again decreased. This would indicate that the high concentration of sulfanilamide obtained in initial samples secreted at low rates is not due to the "flushing out" of residual gastric julce.
The effect of variations in blood concentration of sulfanilamide on the concentration ratio was also studied. It was found that the (Table 2) .
the blood level of the drug In 18 observations during 5 experiments on dog No. 1, carbaminoylcholine was employed as the secretogogue and whole blood was used for analysis. Compared with histamine, this drug causes a lower rate of secretion of gastric juice which is richer in pepsin and mucin but poorer in acid. Because of the uniformly lower rate of secretion produced by carbaminoylcholine, the data did not reveal any significant relationship between the rate of secretion and the concentration ratio, but the latter did tend to vary directly with the blood concentration of sulfanilamide. The mean concentration ratio was 2.51, which is essentially similar to that obtained with histamine as the secretogogue.
There was no discernible relationship between the concentration ratio and the amount of free acd, total acid, neutral chloride, or organic constituents of the gastric juice. This held true regardless of the secretogogue employed, the blood level of sulfanilamide, or the rate of gastric secretion.
The results of a typical sulfanilamide experiment are shown in Fig. 2A being "double histamine," and 57 observations were made on the concentration of sulfapyridine in the gastric juice and whole blood. In all instances, sulfapyridine was considerably more concentrated in the gastric juice than in the blood, the mean concentration ratio being 3.10. In this respect sulfapyridine resembles sulfanilamide. Although the data concerning the relationship of concentration ratio to rate of gastric secretion are neither sufficiently numerous nor uniform to permit a statistical analysis of their significance in a manner similar to that for sulfanilamide, nevertheless there appears to be a slight tendency for the concentration ratio to vary inversely with the rate of gastric secretion (Table 1) . For the analysis of the effect of variation of blood level of sulfapyridine on the concentration ratio, only observations made when the rate of gastric secretion was greater than 50 cc/hour were considered in order to eliminate as much as possible the effect of secretion rate on concentration ratio. When the concentration ratio was plotted against the blood concentration of sulfapyridine, it was found that the relationship is a direct one. The results indicated that the concentration ratio definitely tends to increase with increasing blood concentrations of sulfapyridine (Table 2) .
Carbaminoylcholine was employed as the secretogogue in 2 additional experiments on dog No. 1 after administration of sulfapyridine, 9 observations being made. At very low rates of secretion, the concentration ratio was of the order of 5; at the rate of 21 cc/hour or greater the mean concentration was 3.18, which is almost identical with that observed at the same rates of secretion after histamine. Again there was observed the tendency for the concentration ratio to vary directly with the blood concentration of sulfapyridine.
Despite large differences in the amounts of free acid, total acid, neutral chloride, and organic constituents in the gastric juice elicited by the two secretogogues employed, the concentration ratio for sulfapyridine did not vary either with the above enumerated components of the gastric juice or with the 'type of secretogogue employed.
The results of a typical sulfapyridine-double histamine experiment are shown in Fig. 2B . Sulfathiazole.
Sulfathiazole was administered orally to dogs Nos. 1, 2, and 4 in amounts varying from 0.05 gm/kg repeated at intervals to 0.2 gm/kg given as a single dose. Gastric secretion was stimulated by food, histamine, or carbaminoylcholine. Blood levels of sulfathiazole varied from 0.2 mgm% to 13.3 mgm%. In all, 60 observations were made in the course of 12 experiments. In sharp contrast to sulfanilamide and sulfapyridine, the concentration ratio of sulfathiazole was invariably below unity, regardless of secretogogue, rate of gastric secretion, or blood level of drugs. The mean concentration ratio calculated from all observations was 0.16. There was a slight tendency for the concentration ratio to vary inversely with the rate of gastric secretion (Table 1) , but no significant change in the ratio was noted with variations in blood concentration of sulfathiazole (Table 2 ). In this latter respect, the results with sulfathiazole differ from those with sulfanilamide and sulfapyridine. No clearly demonstrable relationship could be detected between the concentration ratio of sulfathiazole and either the acidity or the neutral chloride content of the gastric juice.
The results of a typical sulfathiazole experiment are plotted in Fig. 2C at the time the experiments were performed ranged from 1.7 to 12.5 mgm%. Confirmatory of the observations of others, it was found that the sulfadiazine is eliminated from the body less rapidly than are sulfanilamide and sulfathiazole, and the blood level therefore falls slowly after discontinuance of medication. Histamine and carbaminoylcholine were employed as secretogogues and injected from 6 to 10 hours after administration of sulfadiazine. Similar to sulfathiazole and in contrast to sulfanilamide and sulfapyridine, the concentration of sulfadiazine in the gastric juice was invariably lower than the simultaneously determined blood concentration. The mean concentration ratio in 25 observations in 6 experiments was 0.279, and was independent of the secretogogue used. There was a slight tendency for the ratio to decrease as the rate of gastric secretion increased (Table 1) , and to increase with increasing blood concentrations of sulfadiazine (Table 2) . No consistent relationship was found to exist between the concentration ratio and the free and total acid or neutral chloride content in the gastric juice.
The results of a typical sulfadiazine experiment are shown in Fig. 2D (Table 1) and directly with the blood concentration of acetylsulfanilamide (Table 2) .
Discussion and sumnmary In Table 3 are presented the concentration ratios of the five sulfonamide drugs investigated. It will be observed that sulfanilamide and sulfapyridine are secreted in the gastric juice in a concentration which is approximately three times that of the simultaneously determined blood concentration. In contrast, sulfathiazole, sulfadiazine, and acetylsulfanilamide have concentration ratios well below unity, that of sulfadiazine and acetylsulfanilamide being comparable (about 0.3) and that of sulfathiazole being lowest (0.16). The observation that sulfathiazole appears in the gastric juice in a concentration far below that in the blood is in keeping with the failure of this drug to reach significantly high levels in the cerebrospinal fluid. However, sulfadiazine also has a low concentration ratio and yet reaches, albeit more slowly, levels in the spinal fluid only slightly lower than those obtained with sulfanilamide and sulfapyridine, compounds with concentration ratios above unity. Apparently, sulfathiazole in particular is secreted with difficulty by gland cells. In a study of the appearance of sulfathiazole in human lacrimal secretion, Turkell and Wilhelm,"8 in an attempt to elucidate the mechanism of sulfathiazole conjunctivitis, found that little of the drug was present in the tears. Analysis of their tabulated data shows that in 25 observations on 14 patients with blood sulfathiazole concentrations ranging from 1.7 to 9.8 mgm%, the average concentration of sulfathiazole in tears was approximately only 1/6 (0.17) of that in the blood, a figure remarkably similar to that obtained for gastric juice in the present investigation. In experiments conducted on patients undergoing biliary drainage, Hubbard and Butsch10 found that sulfanilamide was secreted in the bile in concentrations slightly below that of the blood, and that sulfapyridine appeared in the bile in concentrations almost equal to those present in the blood. In contrast, the concentration of sulfathiazole in the bile was very low at all times, being only from 1/5 to 1/29 as concentrated as in the blood. Also, sulfaguanidine was found to be secreted with difficulty in the bile (Hubbard, Butsch, and Aaron'1), the drug appearing in that fluid in a concentration considerably lower than in the blood. However, secondary concentration of sulfanilamide in liver bile to a level higher than in the blood may occur in the gallbladder (Bettman and Spiere). Mention has already been made of the findings of Carryer and Ivy regarding the secretion of sulfanilamide in the gastric juice of dogs in higher concentration than in any of the other digestive secretions studied (bile, pancreatic juice, succus entericus, saliva). Sulfanilamide was present in the pancreatic juice and saliva in concentrations lower than those of the simultaneously determined blood, confirmatory of the observations of Marshall, Emerson and Cutting."8 Sulfapyridine has also been found to be secreted in the saliva (human) in concentrations below that present in the blood (Fickling, Pincus, and Boyd-Cooper0). The report of Chinn and Bellows4 may also be mentioned in this connection. They studied the distribution of sulfapyridine in various tissues of dogs previously given the drug. The concentration of sulfapyridine in the gastric mucosa was found to be several times as high as that in the blood or any other tissue. This finding was attributed by Chinn and Bellows to the use of the oral route of administration of sulfapyridine. However, scrutiny of their tabulated data reveals no relationship between the mucosal concentration of sulfapyridine and the length of time elapsing from administration of sulfapyridine to sacrifice of the animal. Indeed, even when 12 hours were allowed to intervene, the concentration of drug in the gastric mucosa was 2.75 times as great as in the blood. There is the possibility that this is due to concentration of sulfapyridine in the gastric mucosa in the process of absorption. Although reports of absorption of sulfapyridine from the stomach have not come to our attention, limited gastric absorption of sulfanilamide has been demonstrated in dogs (Marshall, Cutting, and Cover,1" Davenport5). Nevertheless, in view of the high concentration ratio found for sulfapyridine in gastric juice, it is likely that the drug is actually concentrated in gastric mucosal cells preparatory to being secreted.
The ability of secretory cells to concentrate certain sulfonamides is also illustrated by the prostate and mammary glands. Data on the concentration of sulfonamides in prostatic fluid are incomplete, but it would appear that the human prostate is capable of concentrating sulfanilamide, levels of 15 to 35 mgm% being reached after full therapeutic doses. Several studies have been made of the secretion of sulfonamides in human milk, and some, at least, indicate that the concentration of sulfanilamide in the milk may be considerably higher than in the blood (Hac, Adair, and Hesseltine9).
The question arises whether nausea and vomiting noted dinically after administration of sulfanilamide and especially after sulfapyridine can be related to the high concentrations reached by these two drugs in the gastric juice. Such a causal relationship would seem consistent with the fact that both sulfathiazole, which produces a low incidence of vomiting, and sulfadiazine, which rarely causes vomiting, reach only low concentrations in the gastric juice. However, the careful experiments of Sadusk, Hirshfeld, and Seymour"6 have demonstrated condusively that the vomiting (caused by sulfapyridine) is due not to any local action of sulfonamides on the gastrointestinal tract but is mediated through a reflex stimulation of the vomiting center, the exact site of origin of the reflex stimulation remaining in doubt.
The total amount of sulfonamide secreted into the gastric juice is only a small fraction of the quantity ingested. For example, a dog receiving a single oral dose of 4.0 grams of sulfapyridine and showing a peak blood concentration after 7 hours of 8.0 mgm% (free form) will secrete in the gastric juice under maximal histamine stimulation approximately 25 mgm. of the drug per hour. Reabsorption of the sulfonamide readily occurs when the stomach contents pass into the small intestine. There is thus an "internal circulation" of sulfonamide, but it is not of sufficient magnitude appreciably to delay the ultimate elimination of the drug from the body.
The gastric secretion of sulfonamides in man was not within the scope of this report. However, examination of a single patient yielded evidence to suggest that the results obtained on dogs may hold true for man. A 59-year-old male, receiving 0.5 gram of sulfathiazole four times daily for a urinary tract infection and showing a blood level of 1.4 mgm% (free form), was given histamine after collection of a fasting sample. The concentration ratio of sulfathiazole in the gastric contents was below unity both for the fasting specimen (0.31 ) and the histamine sample (0.23), the values obtained being within the range observed in dogs.
In summary, the results of the investigations reported here as well as data in the literature would seem to suggest that while sulfonamides are distributed throughout the entire body water, their concentration in fluids elaborated by secretory cells (gastric mucosa, hepatic cells, choroid plexus, lacrimal glands, etc.) depends not on the laws of diffusion but on the particular drug and gland cells concerned. It is possible that in treating bacterial infections of glands or body fluids separated from the blood stream by secretory cell membranes, the sulfonamide drug to be selected must not only be active in combating the micro-organism involved but also capable of attaining an effective therapeutic concentration in the desired locus. This holds true particularly for the meningitides, but may also be important for infections of the biliary tract, parotid glands, intestinal tract, prostate, etc. Conclusions 1. The secretion of five sulfonamide drugs in the gastric juice was studied in dogs with large isolated stomach pouches. Sulfanilamide and sulfapyridine are more concentrated in the gastric juice than in plasma or whole blood. The mean concentration ratio of sulfanilamide is 2.6; of sulfapyridine, 3.2. Sulfathiazole, sulfadiazine, and acetylsulfanilamide are less concentrated in the gastric juice than in the blood, their concentration ratios being 0.16, 0.28, and 0.30, respectively. 2. The concentration ratios of all five sulfonamides appear to be independent of the secretogogue employed (histamine, carbaminoylcholine, or food), and independent of the free acid, total acid, neutral chloride, and organic constituents of the gastric juice.
3. The concentration ratios tend to vary directly with the blood concentration of sulfonarnide (except in the case of sulfathiazole), and inversely with the rate of gastric secretion. 4. Acetylsulfanilamide is partly deacetylated in the dog and its presence appears to diminish the concentration ratio of free sulfanilamide. 5. Sulfathiazole, in particular, is secreted with difficulty by gland cells. 6. The significance of these findings with respect to the distribution of sulfonamides in the body is discussed.
